) resulted in a high frequency of somatic embryogenesis (93.3% and 86.7%, respectively). To further optimize a culture medium for induction of embryo formation of P. vietnamensis, three carbohydrate sources (sucrose, glucose and fructose) at 10 to 60 g.l -1 were tested. Among them, glucose and fructose were not suitable for somatic embryogenesis in this species while sucrose at 50 g.l -1 produced the highest embryogenic frequency (86.7%) number of embryos per responding explant (167). This study confirmed the importance of spermidine, proline and osmotic potential provided by sucrose in enhancement of somatic embryogenesis.
INTRODUCTION
The word "ginseng" derives from the Chinese term, based on the roots of several distinct species of plants, mainly Korean or Asian ginseng (Panax ginseng), Siberian ginseng (Eleutherococcus senticosus), and American ginseng (Panax quinquefolius). Vietnamese ginseng (Panax vietnamensis Ha et Grushv.), which is native to Vietnam, was a new species belong to the genus Panax. *Corresponding author. E-mail: duongtannhut@gmail.com. Tel: 84-63-3831056. Fax: 84-63-3831028 .
Abbreviations: MS, Murashige and Skoog medium; NAA, naphthaleneacetic acid; 2,4-D, 2,4-dichlorophenoxyacetic acid; BA, 6-benzyladenine.
All of these species belong to the Araliaceae family and have been well known for their various effects on human health.
Chemical studies of the constituents of Vietnamese ginseng have identified 49 saponins, including 25 compounds common to other Panax species such as protopanaxadiol and protopanaxatriol saponins, and 24 new compounds named vina-ginsenosid R 1 to R 24 . In addition, an extremely high concentration of ocotillol saponins, that is, majonoside-R2 (5.3% of the dried rhizome) has been identified . The main active components of P. vietnamensis are ginsenosides (Yamasaki, 2000) , which have been shown to have a variety of beneficial effects, including antioxidant (Huong et al., 1998) , anticancer (Konoshima et al., 1999) and suppressive effects of psychological stress (Yobimoto et al., 2000) .
The demand for market values of P. vietnamensis have increased dramatically because of long-term conventional production cycle (5 to 7 years), narrow distribution range and deficiency of plant breeding stock. One of the most practical and efficient ways to solve this problem is to produce large-scale plantlets by vegetative propagation. However, our previous report showed that in vitro propagation of this species is still limited due to the complicated transplantation process and low survival percentage of plantlets after being transferred to ex vitro conditions (Nhut et al., 2010) .
Somatic embryogenesis is used as a tool for micropropagation of herbaceous plants, especially in ginseng (Monteiro et al., 2002) . A number of researches into P. ginseng propagation by plant tissue culture and particularly by somatic embryogenesis have been investigated in the early 1980s (Chang and Hsing, 1980; Tirajoh et al., 1998; Soh, 1994, 1996; Shoyama et al., 1997; Kevers et al., 2000) . However, to the best of our knowledge, no report on somatic embryogenesis of P. vietnamensis has been established up to now.
In general, somatic embryogenesis is thought to occur in response to modifications of different exogenous and endogenous factors including growth regulators (Steward et al., 1964) . Apart from conventional plant hormones, polyamines, mainly spermidine, spermine and putrescine are also involved in enhancing somatic embryogenesis in a variety of plant species, such as Araucaria angustifolia (Silveira et al., 2006; Steiner et al., 2007) , Picea rubens Sarg. (Minocha et al, 2004) , Gossypium hirsutum L. (Sakhanokho et al., 2005) , Momordica charantia L. (Paul et al., 2009) and Panax ginseng CA Meyer (Monteiro et al., 2002; Parvin et al., 2010) . Somatic embryogenesis has also been found to be associated with increases in endogenous levels of amino acids, that is, proline, serine, threonine (Thorpe, 1993) . In addition, there was a considerable amount of data on the effect of different exogenous carbohydrate supplies on somatic embryo development (Blanc et al., 1999; Helena and Hana, 2004; Hong et al., 2008) .
The objective of this study was to establish an in vitro induction of somatic embryos of P. vietnamensis, an important medicinal herbal plant of Vietnam. Further investigation on the effects of polyamines and carbohydrate sources on somatic embryogenesis in P. vietnamensis was also carried out.
MATERIALS AND METHODS

Callus formation
Main roots of three-month old in vitro P. vietnamensis plants cultured on MS (Murashige and Skoog, 1962 ) medium supplemented with 2.0 mg.l -1 BA and 1.0 mg.l -1 NAA (Chien et al., 2011) were cut into small, 1-mm thick transverse thin cell layers (tTCLs) and cultured on MS medium supplemented with 1.0 mg.l Nhut et al. 1085 weeks of culture, the white calli were used as primary explants to establish embryogenic cultures.
Establishment of embryogenic cultures
Calli derived from in vitro main root were cut into small pieces (1.0 x 1.0 cm dimension) and placed on MS medium containing 1.0 mg.l -1
2,4-D in combination with NAA and/or kinetin at various concentrations (0.1, 0.2, 0.5 or 1.0 mg.l -1 ). After 12 weeks of culture, the frequency of explants producing somatic embryo, number of embryos at different stages, and fresh weight of embryo mass were scored. The optimal embryogenic medium (EM) was used as basal medium for subsequent experiments.
Effects of spermidine, proline, and carbohydrate sources on enhancing the frequency of somatic embryogenesis For investigating the stimulated effects of exogenously supplied acid amine (proline) or polyamine (spermidine) on somatic embryogenesis of P. vietnamensis, the initial calli were cultured on EM media supplemented separately with spermidine (0.01, 0.05, 0.1 or 0.2 mM) or proline (100, 200, 300 or 400 mg.l -1 ). Proline and spermidine were filter-sterilized and added to the culture media after autoclaving. Different sources of carbohydrate (sucrose, glucose and fructose) at various concentrations (10, 20, 30, 40, 50 or 60 g.l -1 ) were supplied to EM media to examine the role of carbohydrates on enhancing the frequency of somatic embryogenesis. After 12 weeks of culture, embryo masses were weighed and number of produced somatic embryos was determined.
Culture condition and data analysis
All cultures were incubated at 22 ± 1°C with a 16-h photoperiod at a light intensity of 40 µmol.s -1 .m -2 fluorescent light. The experiments were triplicated with nine explants per replication. Data were analyzed for significance by analysis of variance with mean separation by Duncan's multiple range test (Duncan, 1995) using Statgraphics Centurion XV (StatPoint Technologies Inc., Warrenton, VA, USA).
Histological studies
Histological analysis was performed, according to Gonzalez and Cristóbal (1997) , for explants at 15 days after culture initiation for confirmation on the initiation and development of somatic embryos. Samples of cultured explants were fixed in FAA (formaline, acetic acid, 70% ethanol -5:5:90), dehydrated with Deshidratante histológico BIOPUR ® , then embedded in paraffin wax as described by Johansen (1940) , and sectioned into 8 to 10 µm thick serial section with a rotary microtome. Section were mounted on glass slides and stained with safranin-Astra blue (Luque et al., 1996) , and observed under a light microscope.
RESULTS AND DISCUSSION
Effects of plant growth regulators on somatic embryogenesis
Most of previous researches on Panax species focused on P. ginseng. Several sources of explants were tested for callus and embryos formation, that is roots (Chang , 1980; Yang, 1992) , zygotic embryos (Arya et al., 1993; Lee et al., 1989; Zhong and Zhong, 1992) , cotyledons (Choi and Soh, 1994; , leaves (Cellárová et al., 1992) and flower buds (Shoyama et al., 1995) . Among all the sources of explants, roots have received the greatest attention because they are easier to obtain and form large callus tissues rapidly. In this work, we used the in vitro main roots of P. vietnamensis to obtain white calli to be used as primary explants to establish embryogenic cultures. Investigations on regeneration of Panax species through somatic embryogenesis showed that synthetic auxins added to the culture medium had an important role. Among all the growth regulators evaluated, 2,4-D gave the highest frequency of callus and somatic embryo formation in P. ginseng (Arya et al., 1993; Chang and Hsing, 1980; Zhong and Zhong, 1992) . Somatic embryogenesis could be further improved when kinetin was added to medium containing 2,4-D (Choi et al., 1984; Lee et al., 1989; 1990) . Wang et al. (1999) investigated the effects of auxins on somatic embryogenesis of American ginseng (P. quinquefolius). Their results showed that the combined effect of 2,4-D and NAA in culture medium gave a better result compared to medium containing only 2,4-D. Moreover, there were no somatic embryo formation when calli were cultured on media supplemented with 2,4-D or NAA alone in P. vietnamensis Ha et Grushv. (Nhut et al., 2009) . In the present study, the combinations of 2,4-D (1.0 mg.l -1
) and NAA or kinetin at various concentrations were tested. Table 1 summarizes the response, which shows that 1.0 mg.l -1 2,4-D plus 0.5 mg.l -1 NAA had a maximum favourable effect on somatic embryogenesis.
2,4-D in low concentration is an auxin that especially promotes cell division and dedifferentiation of plant tissues (Borkird et al., 1986) . In the present work, the combined effect of 2,4-D and kinetin resulted in a lower percentage of somatic embryogenesis (Table 1) , respectively, and combined with NAA at various concentrations. Among all the media evaluated, MS medium supplemented with 1.0 mg.l -1 2,4-D plus 0.2 mg.l -1 kinetin and 0.5 mg.l -1 NAA resulted in the highest frequency of somatic embryogenesis (80%) as well as the number of embryos induced per explant (117 embryos per explant) ( Table 2) .
Effects of spermidine on enhancing the frequency of somatic embryogenesis
When spermidine was added to the embryogenic media at high concentrations (0.1 to 0.2 mM), the frequency of embryogenesis as well as number of somatic embryos increased significantly. Among treatments with spermidine, the concentration of 0.1 mM was found to be the most effective in increasing somatic embryogenesis of P. vietnamensis (Table 3) . However, exogenous spermidine at highest concentration of the experiment (0.2 mM) reduced the capacity of somatic embryogenesis. Polyamines have been recognized as a new class of growth substances (Bagni and Torrigiani, 1992) . Polyamines were able to interact with negatively charged macromolecules as DNA, RNA, proteins and phospholipids, thereby activating and stabilizing these molecules because of their polycationic nature at physiological pH (Evans and Malmberg, 1989) . High concentrations of polyamines were commonly observed in tissues undergoing somatic embryogenesis (Santanen and Simola, 1992; Kevers et al., 2000) . Spermidine is a small aliphatic polyamine that are ubiquitous in all living cells. Previous works with wild carrot have shown that spermidine can restore embryogenesis in cultures treated with polyamine biosynthesis inhibitors, indicating a direct role of spermidine in somatic embryogenesis (Montague et al., 1978) . Since then, a number of studies conducted on various plants have provided evidence showing that spermidine was putatively involved in somatic embryogenesis (Cvikrová et al., 1999; Kevers et al., 2000; Bertoldi et al., 2004) .
Related studies with P. ginseng have shown that the production of somatic embryos could be increased by adding spermidine (10 -4 M) to the initiation medium (Kevers et al., 2000) . Monteiro et al. (2002) confirmed that among the polyamines, spermidine was the most effective for somatic embryogenesis in P. ginseng. They demonstrated a correlation between increased endogenous spermidine and embryogenic capacity.
Effects of proline on enhancing the frequency of somatic embryogenesis
Amino acids played an important role in raising the levels of reduced nitrogen which stimulates the development of somatic embryogenesis in several species (George, 1993) . Proline is one of the amino acids shown to have a stimulatory effect on embryogenesis and osmotic tolerance (Shimizu et al., 1997; Hita et al., 2003) . In this work, further experiments were carried out in an attempt to optimize somatic embryos formation by adding proline (100 to 400 mg.l -1 ) to embryogenic media. Experiments on different concentrations of proline revealed that the highest frequency of somatic embryogenesis occurred at 300 mg.l -1 (86.7%). The maximum number of somatic embryos (167 embryos per explant) were also produced at 300 mg.l -1 proline (Table 4) . Santos et al. (1996) found that the addition of proline had a positive effect on the total protein content of embryogenic callus. They thought that the presence of proline in the culture medium seems to produce a required stress condition, decreasing water potential level in plant cell culture medium, increasing the accumulation of nutritional elements in the cells, and finally enhancing somatic embryogenesis (Santos et al., 1996) . In previous study, proline was found to give optimum response of both primary and secondary somatic embryogenesis in rose (Marchant et al., 1996) . Other publications have mentioned a positive role of proline on embryo formation in maize (Suprasanna et al., 1994) , and kodo millet (Vikrant and Rashid, 2002) .
Effects of carbohydrate sources on enhancing the frequency of somatic embryogenesis
The influence of three different carbohydrates (sucrose, fructose and glucose) at various concentrations was tested in MS basal medium containing 1.0 mg.l -1 2,4-D, 0.2 mg.l -1 kinetin and 0.5 mg.l -1 NAA for somatic embryogenesis in P. vietnamensis.
Significant differences for embryogenic response were found among three examined carbohydrates. The results show that glucose and fructose in the culture medium were not suitable for somatic embryogenesis in P. vietnamensis. Especially, at low concentration of fructose (10 g.l -1 ), no embryos were obtained after 12 weeks of culture (Table 5) . Our results are similar to reports of Sandra et al. (2000) . They studied the effects of different carbohydrate sources in the medium on somatic embryogenesis in five Coffea canephora Pierre genotypes and found that glucose inhibited embryogenesis initiation for N128 and did not significantly improve embryo production for N91 and N75.
Most studies on using carbohydrate in vitro as a supplied energy source have indicated that sucrose is the best carbon source for optimal cell growth (Sandra et al., 2000) . Swedlund and Locy (1993) concluded that specific carbohydrates had differential effects on morphogenesis in vitro and the osmotic potential provided by these sugars might support embryogenesis.
In the present work, differences were also found for somatic embryogenesis capacity when using sucrose at various concentrations. Low concentrations of sucrose (10 to 20 g.l -1 ) had been shown to reduce somatic embryogenesis in P. vietnamensis. The frequency of embryogenesis and the number of embryos increased with increasing sucrose concentration to a maximum at 50 g.l -1 sucrose ( Figure 1a ) and some embryos were observed under a light microscope (Figure 1b) . A further increase to 60 g.l -1 or higher concentrations of sucrose had no enhancing effect on embryo formation. Similar results were reported for Picea abies (Jain et al., 1988) , P. rubens (Tremblay and Tremblay, 1991) . When embryogenic tissue sections containing groups of 10 to 20 somatic embryos ( Figure 1a) were transferred to the free-plant growth regulator MS medium, some embryos germinated within a few days (Figures 1c and d) and complete plantlets were obtained (350 plantlets) ( Figures  1e, f, g and h) . The well rooted in vitro plantlets were successfully transferred to soil and their survival rate under natural habitat was 85% (Figure 1i ).
Conclusion
The results from this study have demonstrated that somatic embryogenesis in P. vietnamensis is controlled by several factors, including types of growth regulator combinations, sources of carbohydrates and other additives (spermidine, proline) supplemented to the medium.
